In this paper, we present the forward (optical gating) and inverse (reconstruction) approaches to obtain highresolution imaging in tissue-like media under single-photon (l-p) and two-photon (2-p) excitation. Effective point spread functions (EPSF) for fluorescence microscopic imaging are introduced for fast image modeling and reconstruction. It is demonstrated that a deeper penetration depth can be achieved under 2-p excitation due to the use of a longer illumination wavelength and the non-linear dependence ofthe fluorescence on excitation intensity. The fundamental difference between 1-p and 2-p fluorescence imaging is that the penetration depth is limited by the degradation in image resolution in i-p fluorescence, while the penetration depth is limited by the loss in signal strength in 2-p fluorescence imaging. Based on the EPSF that derived in the simulation, image reconstruction using deconvolution methods can partially recover the resolution loss.
INTRODUCTION
Fluorescence imaging is one of the main tools in medical diagnosis of human diseases'2. The key problem associated with fluorescence imaging through a turbid tissue medium is the strong scattering effect that severely degrades image quality. Two-photon fluorescence microscopy has been used recently in imaging through thick tissue because longer wavelength can be utilized to reduce the scattering under 2-p excitation3. There are two main approaches to improve image qualities, which can be called direct (forward) and inverse solutions. The forward solution is to introduce a number of gating techniques to suppress multiply scattered photons which carry less information about an object embedded in a turbid medium. The gating techniques that are proven to be efficient in microscopic imaging through turbid media are the angle gatmg4, pinhole gating5 and polarization gating methods6. It should be pointed out that if scattered photons are the main source of signal to form an image, image resolution is low even if optical gating methods are applied. One of methods to further improve image resolution is to perform mathematical image reconstruction (inverse solution). In this paper, we will
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FORWARD SOLUTION (OPTICAL GATING)
The image modeling of an object embedded in a turbid medium is based on a Monte Carlo simulation method and has been developed for fluorescence microscopic imaging, in which a new concept of effective point spread function (EPSF) is introduced for fast image modeling'. The detailed derivation ofEPSF has been reported else where7.
Consider a scattering medium that consists of spherical particles of diameter (p) 0.48 turn. We assume that the particle concentration in the turbid medium is O.87x1091mm3. According to Mie scattering theory8, the corresponding scattering mean-free path length (SMFPL) 1 is 3.68 tm and 15 respectively, for wavelengths 400 nm and 800 mn. The optical thickness n is defmed as the sample thickness d divided by the SMFPL 1. For example, if a sample is embedded at a depth of 30 tm, the corresponding optical thickness is 8.14 for wavelength 400 nm.
In order to characterize transverse resolution, let us consider a thin sharp edge embedded at depth of d in a scattering slab. From the image intensity of the sharp edge scanned in the x direction, the transverse resolution, 17 is defmed as the distance between the 90% and 10% intensity points. In Fig. 1 , transverse resolution as a function of the focal depth d is illustrated for different values of the numerical aperture (NA) of an objective. It is shown that for a higher numerical aperture objective, the transverse resolution is poorer at a given focal depth if d>5 .tm. This is because the scattered photons are dominant in forming an image. In this case, more scattered photons are collected by the objective, which leads to a poorer transverse resolution. In Fig. 2 , the transverse resolution as a function of the focal depth d is illustrated for different sizes of pinhole. It is shown that the transverse resolution improves significantly when a confocal pinhole is used. For example, at a depth of 45 tm, the transverse resolution is 62.2 tm when no confocal pinhole is used, but becomes 42.8 m and 27.1 tm, respectively, for a pinhole of diameters vd =100 tm and vd =50 .tm. The ratio of improvement is 31.2% and 56.4% in these two cases, respectively. The improvement in the transverse resolution arises from the fact that pinhole gating is particularly efficient in suppressing highly scattered photons which deviate further from the path of ballistic photons. 
INVERSE SOLUTION
In order to further improve image quality, mathematical reconstruction methods can be used. The inverse solution proposed here is based on a deconvolution algorithm. However unlike the situation in a uniform medium, an image formed in a turbid medium usually cannot be represented by a simple expression such as a convolution relation. These problems are caused by the fact that defming a point spread function (PSF) in a turbid medium is not straightforward. If there is no turbid medium, a PSF is the image of a point object and is a measure of image blurring through an imaging system. If an object is embedded in a turbid medium, it is difficult to use the concept of a point object because of the existence of scattering particles which are in the range of 0. 1 to 1 tm in diameter. Further, a PSF that includes only the property of a microscope may not be adequate because the multiple scattering effect may severely distort the image of an embedded object. Therefore, the property of a microscope as well as the property of scattering particles should be included in a PSF for a microscope. To address this problem, we have introduced the concept of the effective point spread function (EPSF) for microscopic imaging through turbid media.4 An EPSF for the microscope can be defined by the distribution of photons in the focal region, which can propagate through a turbid medium, the aperture of a detection objective, and a confocal pinhole if it is applied. An hPSl reflects not only the property of a microscopic imaging system but also the scattering property of a turbid medium. It has been demonstrated that the proposed EPSF satisfies a convolution operation. i.e. the image intensity J(.i, v) of a thin object can be modeled by the convolution of an object function O(x, i) and the EPSF /i(x. i): It has been clearly demonstrated in Fig. 6 that a deconvolution method based the Expectation Maximization (EM) algorithm efficiently restores the image resolution that has been distorted due to the scattering effect in a turbid medium.
SUMMARY
In this paper, we demonstrated that high-resolution imaging through turbid media can be achieved by both forward and inverse solutions. 2-p fluorescence imaging is generally superior to 1-p fluorescence imaging in terms of image resolution. In the case of 2-p fluorescence imaging, fluorescence excitation by ballistic photons dominates image formation and the penetration depth is limited because of the fast degradation in signal strength. However for I-p imaging, fluorescence excitation by scattered photons is dominant, and the penetration depth is limited by the fast degradation in image resolution. A novel concept of the EPSF which not only reflects the properties of an imaging system but also scattering properties of a turbid medium is introduced. Based on the simulated EPSF, image reconstruction based on deconvolution methods shows its potential in achieving a breakthrough in restoring image qualities of an object embedded in a thick turbid medium.
